Pure strain-induced electronic structure modulation in ferromagnetic films is critical for developing reliable strain-assisted spintronic devices with low power consumption. For the conventional electricity-controlled strain engineering, it is difficult to reveal the pure strain effect on electronic structure tunability due to the inseparability of pure strain effect and surface charge effect.
Here, a non-electrically controlled NiTi shape memory alloy was utilized as strain output substrate to induce a pure strain on attached Fe films through a thermally controlled shape memory effect. The pure strain induced electronic structure evolution was revealed by in-situ X-ray photoelectron spectroscopy and correlated with first-principle calculations and magnetic anisotropy measurements. A compressive strain enhances shielding effect for core electrons and significantly tunes their binding energy.
Meanwhile, the strain modifies the partial density of states of outer d orbits, which may affect spin-orbit coupling strength and related magnetic anisotropy. This work helps for clarifying the physical nature of the pure strain effect and developing the pure-strain-assisted spintronic devices. * C. Feng and D. Hu contributed equally to this work. a) Author to whom correspondence should be addressed. Electronic mail: ghyu@mater.ustb.edu.cn (G.H. Yu) b) Author to whom correspondence should be addressed. Electronic mail: dne@aber.ac.uk (A. Evans) In recent years, extensive strain-assisted spintronic materials, which is crucial for developing the spintronic devices with low power consumption, have been achieved based on effective strain engineering . Electronic structure of the key ferromagnetic layer in spintronic materials is well modulated by a lattice strain, which causes significant effects on the magnetic/electronic/transport properties of the spintronic materials. Based on the background, pure strain-induced electronic structure modulation in ferromagnetic films becomes the critical issue for developing the reliable strain-assisted spintronic devices. Presently, the most effective strain engineering method to achieve continuous modulation is electrical control of the ferroelectric/ferromagnetic heterostructures [3] [4] [5] [6] [7] [8] [10] [11] [12] [13] [14] [15] [16] [17] .
In this approach, deformation in the ferroelectric substrate, induced by electric field mediated polarization, transfers to the lattice strain in the ferromagnetic overlayer. The electronic structure and related properties of the ferromagnetic film are simultaneously modulated by two effects: strainmediated magnetoelectric coupling effect (i.e. pure strain effect) and charge-mediated magnetoelectric coupling effect (i.e. surface charge effect), as shown in figure 1a . Here, the surface charge effect is socalled electric-field modulation effect on the magnetism. It is difficult to separate these two effects, although it is possible to tune their relative influence on the modulation by adjusting the ferromagnetic layer thickness 23 or by inserting a non-magnetic layer at the ferroelectric/ferromagnetic interface 7 . Thus, until now, the pure strain-induced electronic structure modulation in ferromagnetic films is difficult to be revealed in order to develop reliable methods for strain engineering in spintronic materials and strain-assisted spintronic devices.
Here, we present a non-electrically controlled method to introduce pure strain in ferromagnetic films using NiTi(Nb) shape memory alloy (SMA) as the substrate material. The substrate deformation derives from a temperature-controlled phase transition from martensite to austenite and this effect has been used to control the lattice strain in the ferromagnetic film as shown in figure 1b. Since the strain modulation in this system originates from the temperaturecontrolled shape memory effect rather than the electrically-controlled effect, the surface charge effect can be discounted. Moreover, NiTi-based SMAs possess a remarkable strain output as large as 6-8% 24,25 and a short strain generation time (～10 -6 s), enabling an in-depth study of the pure strain effect on the tunability of electronic structure and related property of the thin film. Fe based composite materials are the critical magnetic layers in many important spintronic devices [26] [27] [28] [29] [30] and therefore Fe was chosen as a representative ferromagnetic material in this work. By growing Fe films on SMA substrates and using the temperature-dependent shape memory effect, the strain in the Fe films can be controlled. The electronic structure modulation in Fe films induced by this pure strain effect has been studied by in-situ X-ray photoelectron spectroscopy (XPS) measurement and first-principle calculations. The results indicate that a compressive strain strengthens the shielding effect from the overlap of outer orbitals, thus modifying the binding energy of core electrons.
Additionally, the lattice strain varies the electronic density of states (DOS) distribution of the outer d orbitals, which results in the tunability of the spin-orbit coupling strength and consequent modulation of the magnetic anisotropy of the films. (A) Strain-induced modulation effect on the electronic structure of inner orbits
The strain effect on the electronic structure of the inner Fe 2p core level state was first investigated using in-situ XPS measurements. Figure 2 shows the thickness-dependent XPS spectra of Fe 2p electrons in as-deposited films (strain-free state) and 300 ℃ thermal-treated films (compressive strain state). The substrate finishes the phase transition and transfers the compressive strain on the film after the thermal treatment, which can be confirmed by the X-ray diffraction patterns in figure S2 of the supplementary material. As shown in figures 2a-2e, Fe atoms in both the strain-free and the strainmediated samples are in the elemental state, implying no obvious oxidation or alloying before or after the thermal treatment. However, the Fe 2p 3/2 peak shifts towards lower binding energy on applying the strain to the films, indicating that the compressive strain affects the electronic structure on the inner orbits of the Fe film significantly. For a crystalline material, the outer orbital electrons usually have a shielding effect on inner orbital electrons, which will reduce the effective nuclear charge. When the Fe lattice is compressed, the overlap of the outer electrons between two neighbor Fe atoms will be increased with decreasing interatomic distance, leading to an enhanced shielding and a lower nuclear charge. This will reduce the binding energy of inner electrons, resulting in the XPS peak shift towards lower binding energy.
The binding energy difference of the Fe2p 3/2 electron between the as-deposited film and the annealed film (ΔBE = BE As-deposited -BE Annealed ) is however dependent on the Fe thickness t, as shown in figure 2f. ΔBE is greatest (～0.16 eV) for the thinnest Fe films and is largely unchanged for t ≤ 3.2 nm; it then shows a sharp decrease starting from 3.2 nm. The peak shift almost disappears when t reaches 8.5 nm (Fig. 2e) . To explain this result, we assume that the strain is non-uniform along the film thickness direction. The strain is a maximum at the NiTi(Nb)/Fe interface and reduces towards the film surface, implying that the strain has an effective interaction depth in the Fe film. For the very thin films with t ranging between 1-3 nm, the strain reduction is small. The strain effect on electronic structure therefore extends throughout the film thickness, leading to a large ΔBE value.
When the Fe film is thicker than 3 nm, the strain effect starts to reduce exponentially with t, resulting in the rapid decrease of ΔBE. For the 8.5 nm film, the strain effect is almost undetectable within the XPS probing depth, d = 3λ～3.1 nm for normal emission 34 . The maximum detectable position is therefore around 5.4 nm above the NiTi(Nb)/Fe interface in the 8.5 nm Fe film. This value defines the effective interaction depth of the strain effect to be around 5-6 nm for a substrate deformation of 5%. This can be confirmed by the depth-dependent binding energy evolution from the angleresolved XPS analysis on the strain-treated 5.2 nm Fe film ( figure S3 of the supplementary material) .
Besides, the thickness-dependent or strain-dependent binding energy variation is well consistent with our computational result ( figure S4 of the supplementary material) .
In order to further study the strain effect, we monitored the temperature dependence of the electronic structure evolution in the 1. 
Where M S is the saturation magnetization of the film. A positive K eff indicates a perpendicular magnetic anisotropy of the film. result is consistent with the theoretical prediction of the first principle calculations. However, the strain-induced K eff modulation effect is more apparent in the thinner films than in the thicker films, which proves that the strain effect is tunable with an effective interaction depth around 5-6 nm. In summary, pure strain modulation effects on the electronic structure and magnetic anisotropy of ferromagnetic films have been demonstrated by using the non-electrically controlled SMA substrates. The compressive strain in the film modifies the electronic structure of the inner orbitals by enhancing the shielding effect from the outer electrons, resulting in the decrease of binding energy of Fe2p core electrons. Based on first principle calculations, the compressive strain tunes the DOS distribution of outer d orbitals, leading to the evolution of SOC strength and related magnetic anisotropy. This reveals the mechanism of pure strain-induced electronic structure tunability and also provides a basis for the development of strain-assisted spintronic devices.
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See supplementary material for the thin film uniformity and growth mode study (figure S1), the strain induced crystal structure evolution ( figure S2 ) and angle-resolved XPS spectra (figure S3), and the computational results on binding energy variation ( figure S4 ) and magnetic moment evolution (figure S5) with the lattice compression ratio.
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